In this review we study the level of accuracy of the electronic wave functions which is necessary to describe properly the atomic effects during nuclear β-decay. In the case of the β − -decay in the Li atom into Be + ion we compare the numerical values of the transition probabilities from the S-, P-, D-low-lying states of the initial atom and final ion calculated using both HylleraasConfiguration Interaction (Hy-CI) and Configuration Interaction (CI) with Slater orbitals wave functions. In addition using the CI method the transition probabilities from F-, G-, H-and Ilow-lying states have been calculated. The average of the absolute deviation of the transition probabilities distribution for low-lying S-states is < 0.15%, for P-states < 0.5%, and larger for Dand higher energy states. The numerical results demonstrate that for low-lying states the atomic effect parameters in β-decay can be calculated with sufficient accuracy using CI wave functions constructed with Slater orbitals. This result opens a new avenue for the accurate calculation of atomic effects during the β-decay in heavier atoms and molecules. *
I. INTRODUCTION
In this review we study the redistribution of the electronic density in nuclear β-decay processes in atoms. This is a new field lying in the frontiers of nuclear physics, atomic/molecular physics and quantum chemistry. In this paper we study the excitations, ionization processes and electronic rearragement during nuclear reactions of β-decay employing quantum mechanical methods. In this work we approach the phenomenon of beta-decay from the point of view of atomic and molecular physics and chemistry. With this purpose, we introduce first some concepts of β-decay and the nuclear β-decay theory.
There are thousands of nuclides, from then only more than 300 are stable nuclides. The rest of them experiment nuclear transformations. β-decay is a nuclear process in which a nucleus which is rich in neutrons or protons decays emitting an electron or positron, a β-particle, in order to become more stable. The phenomenon of β-decay occurs via the week interaction force or quark-transformation. Neutrons and protons are built out of quarks.
A proton consists on two up-quarks (u-quark, charge + 2 3 e) and one down-quark (d-quark, charge − 1 3 e), while the neutron is built out of two d-quarks and one u-quark. The mass of the proton is 1.00727647 u and the mass of the neutron 1.0086647 u, and so about 2% larger than the one of the proton. In a neutron decay a d-quark is transformed into a u-quark and a virtual boson W (the virtual bosons take the charge and have a very short life), which again produces an electron and an antineutrino (d → u + W * − → u + e − + ν e ). In the proton decay a u-quark transforms into a d-quark and a positive virtual boson, which decays into a positron and a neutrino (u → d + W * + → d + e + + ν e ). For more details, see Refs. [1, 2] .
There are two main types of beta decay: β − -decay and β + -decay. In the β − -decay a neutron decays into a proton (n → p + + e − + ν e ). The emitted β − -electron is leaving the nucleus with an speed close to the velocity of the light. As a consequence, the nucleus is In the β + -decay a proton decays into a neutron (p + → n+e + +ν e ). In this case, the nucleus transmutes into a new nucleus of an element with one charge less (
Note, that the mass of the neutron is larger than the mass of a proton, therefore β + -decay occurs in nuclei with more than one proton, since the missing mass is taken from the binding energy of the whole nucleus. Example of β + -decay is the decay of the artificial isotope of the fluor atom 18 9 F → 18 8 O + e + + ν e , which is employed as radiotracer in nuclear medicine. From the numerical point of view, β + -decay parameters are very difficult to be calculated, since the final atoms are negatively charged, and the additional atomic electron can be weakly bounded, being therefore difficult to determinate these states using quantum mechanical methods.
There are other two types of β-decay. In the electron-capture, nucleus which are rich in protons capture an electron of the K-, or L-shell. The electron vacancy is fulfilled by another electron of the atom, which passes to occupy a lower shell emitting a X-ray or in some cases when the atom is in a excited states a γ-ray (p + + e − → n + ν). In the bound-state β-decay, the emitted β-electron does not leave the atom and it is kept in a bounded orbital.
In general, during β-decay and other nuclear processes the atoms are not bare nucleus, they are surrounded by all or part of their 'atomic electrons'. There is a change in the charge of the nucleus ( The orbital electrons feel the changes of nuclear charge, which will affect the electronic states.
In this work we study the probabilities of transition from an electronic state of the initial atom to another electronic state of the final atom. The amplitudes represent the 'imperfect overlap' of both electronic wave functions of the initial and final atoms, and express the degree of change occurred. The transition probabilities to excited states have not been evaluated for > 99% of the atoms and ions. In this work we compare the transition probabilities in the β-decay of the He and Li atoms using different quantum mechanical methods.
II. THE ATOMIC THEORY OF β-DECAY
The decay is a reaction of kinetic first order. The rate of decay: N(t) = N 0 e −λt (1) λ is the ratio of decay or decay constant related to the half-life t 1/2 = ln 2/λ = τ ln 2, and the lifetime τ = 1/λ. Similarly than in α-decay, it is expected that the states of the initial and final atom play an important role in the decay constant λ. We know from nature that the t 1/2 can variate from fractions of seconds to millions of years. The first theory of nuclear β-decay was proposed by Fermi in 1934 [3] . Fermi took the equation of the emission of photons from excited states (note the use of the words 'initial' and 'final') and used for the β-decay process. This equation is called 'Fermi's Golden Rule' [4] :
where Ψ is the total wave function of the complete system. In the first formulation the complete system includes nucleus and emitted particles (β-electron and neutrino). M f,i is the matrix element between the initial and final wave functions. V p is the operator of a very small perturbation that stimulates the transition. The form of V p was first not known and the contribution of orbital electrons was not taken into account by Fermi. Nowadays this potential changes only the shape of the curve of the β-spectrum and is taken as:
The Ψ initial is the wave function of the nucleus, whereas the Ψ f inal includes also the β-electron and the neutrino. ρ(E f ) is the density of final states determined usually with quantum statistics. At Fermi's time it was still not known that the β-decay is due to the weak interaction. It took about 20 years until the modern theory of β-decay was developed.
The main equation in terms of the distribution of the momentum p of the β-electron N(p)
can be summarized as [4] :
is an statistical factor of the density of final states of the β-electron and neutrino. F (Z, p) is the Fermi function, which accounts for the Coulomb interaction (eZ/r) between the charge of the final nucleus and the charge of the leaving β-electron. |M f,i | 2 is the matrix element between the initial and final states (the same than in the Fermi's Golden Rule) and S(p, q) a shape factor correcting the matrix elements for the case of some forbidden β-decays.
The energy yielded during β-decay can be calculated from the binding energy using the rest mass of the particles (in the decay of a neutron this energy is about 0.78 MeV). Energy and momentum are conserved during the decay. The leaving β-electron carries most of the kinetic energy. Note, that this energy has to be treated as relativistic kinetic energy, since the velocity of the β-electron is quasirelativistic, but the remaining proton is nonrelativistic. The total energy liberated during the decay process is very large compared with the electronic excitation energies of the atoms involved in the process. Therefore the law of conservation of energy does not play an important role here. These excitation energies are relevant in order to describe tiny effects in decay rates and half-times, to describe chemical effects like bond-breaking and effect of the environment.
Until now most of the investigations in β-decay including 'atomic effects' were devoted to the case of tritium atom [5] and tritium molecule [6, 7] . Tritium atom is used for the determination of the neutrino mass because it is the simplest system (apart of the bare nucleus) with only one orbital electron and the calculation can be carried out analytically.
The weight of the atomic transition probabilities W f,i in the calculation of the neutrino mass in tritium β-decay is crucial in order to obtain a reliable mass. The present neutrino upper mass limit from experiments with tritium β-decay is 2eV /c 2 . The relation of the atomic effect with the neutrino mass is given i.e. by this formula [5] :
The evaluation of the weights W f,i or transition probabilities requires quantum mechanical calculations. In the case of larger atoms or molecules these calculations are more complex.
However, the confidence in the quantum mechanical variational calculations like the one of the HT molecule from Wolniewicz [8] is so high that i.e. the disagreement of the groundground transition W 0,0 = 81.2% of Wolniewicz and the experimental value 93, 2(19)% requires the repetition of experiments. In Nuclear Physics, except for the case of the neutrino, the matrix element |M f,i | 2 of Eqs. (2,4) has been mostly employed using only nuclear wave functions ('bare nucleus' transition matrix element), being the atomic effects added afterwards as corrections.
In the next sections we explain the importance of the atomic effects and we present a method to calculate these effects accurately.
A. Atomic effects in the whole-atom-nuclear β-decay Which physical effects are produced through 'atomic electrons' ? And are these 'atomic effects' important for the 'whole-atom-nuclear' β-decay? In the next we shall call 'atomic effects' to the effects produced by the orbital electrons in nuclear β-decay. In first place, the orbital electrons (1) screen the leaving β-electron from the charge of the nucleus. This screening atomic effect is taken into account approximately in the corrected Fermi function [9] in terms of the energy:
F (Z, R, E) is the Fermi function written as a function of the Z the nuclear charge of the final atom, the nuclear radius R and the energy of the β-electron E. Q 0 is the Thomas-Fermi potential at the nuclear radius and depends on the charge Z of the initial atom. Second, we have seen before that there is (2) an small energetic effect produced by the excitations in the final atom, which it is crucial to explain the shape of the end of the β spectra. In addition, there are (3) exchange processes involving the bound and continuum electrons (electromagnetic interactions among the β-electron and the orbital electrons) which are considered to be very small. Only in the case of comparison with very precise experiments, these exchange effects would have to be investigated. Another different effect which is negligible in the case of the β-decay nuclear processes is the nuclear recoil, i.e. the movement of the nucleus is the opposite direction as consequence of the movement of the β-electron.
The reason is that the mass of the electron is too small. The most important atomic effect is one produced by the (4) change of nuclear charge. We study this effect by using the 'sudden approximation', see next section.
The weight of the atomic effects in nuclear β-decay has not yet been sufficiently investigated. Theoretical results estimate that the shape of the spectra, life-times and rates of decay in atoms are small but still observable [10] . In two types of β-decay (the bound-state decay and in the electron capture) (5) the electronic density near of nucleus is proportional to the decay rates and life-times of nuclear decay [11] . In bound state β-decay it has been observed experimentally dramatic changes of nuclear life-times of highly charged ions compared to atoms with bound electrons [12] . The life-times depend on the number of bound electrons, these electrons screen the β-electron from the nuclear charge. Bound state β-decay does not occurr in neutral atoms, since the electron with be in the continuum. β-decay in GSI, Darmstadt (Germany) [13] . Experiments on bare nucleus contribute to the understanding nucleosyntesis in stellar plasmas.
In electron-capture β-decay the probability of the decay depends directly on the electronic density near of the nucleus. Finally (6) the vacancies created after electron capture are filled with other bound electrons, producing 'vacancy cascades', the Auger Effect.
Another related phenomenon is the (7) 'double ionization' during β-decay with a half life estimated in 10 20 years and therefore very difficult to be detected experimentally. The double decay can be produced by the successive β-decay of two neutrons or by an additional ionization during β-decay. For recent theoretical investigations see [14, 15] . [17] . Theoretical predictions of energy splitting due to parity violation effects (resulting from the electroweak interaction) in molecules serve as a guide for accurate experiments, see review [18] . The actual mechanisms of beta decay in living systems are important in cancer research and biomedicine, where radioisotopes are incorporated in molecules and delivered to viruses, phages or cells [19] .
Atomic effects studied theoretically with the pioneering work of Feinberg [20] and Migdal [21, 22] and experimentally [23] . The atomic effects in many-electron atoms during nuclear β-decay has been investigated by several authors [24] . As so as the β-induced excitation and ionization final atom one-electron atoms [25] . Skorobogatov [26] calculated the probabilities of ionization for the atoms from Li to Kr using hydrogenlike Slater orbitals and HartreeFock wave functions. More recently Frolov and Talman [27, 28] calculated the transition probabilities from ground to ground state of the atoms He to Ar using the relativistic Hartree-Fock method. Note that HF wave functions can be used only for the calculation of transition probabilities from the ground state of the initial to the final ground states of atoms and molecules. Theoretical investigations introducing electronic correlation are reported in Refs. [26, [29] [30] [31] [32] . In this work we calculate the atomic effects with the highest possible accuracy using correlated quantum mechanical methods.
B. Validity of the Sudden Approximation
In general, the initial atom is not a bare nucleus. The atom can be in its ground or any excited state. The final atom/ion can be also possibly found in its ground or in any excited state. The meaning of the 'sudden approximation' is the following: the β-decay process occurs in a much faster time than the orbital electron periods, or what it is the same, the β- ionized [33] . The theory of ionization was introduced by Migdal [21, 22] , Feinberg [20] , [26] and Schwartz [25] and recently reinvestigated by Frolov [14, 34] and Wlauters et al. [15] .
Let us consider the matrix element |M f,i | 2 containing the whole wave functions of the system 'whole-atom-decay transition' [23] :
if the β-electron and neutrino do not collide with the orbital electrons, taking into account that the operator does not depend on the orbital electron position, we can separate the nuclear from the atomic electron part (similarly to the Born-Oppenheimer approximation, the error introduced by this approximation is very small [35] ) and then the integral is separated into two integrals:
The overlap integral Ψ * f,atomic |Ψ i,atomic it is called 'imperfect overlap' or 'sudden approximation'. As in the photoionization the selection rules are ∆L = ∆J = 0. The sudden approximation can be understood as a sudden change of the nuclear charge, when the β-electron leaves the nucleus and cross through the orbital electrons of the final atom/ion instantaneously. The sudden approximation is very accurate (the introduced errors are [36] in the case of tritium atom, which is the standard system to estimate the accuracy of the sudden approximation) when the speed of the β-electron is much more larger than the speed of the electrons of the orbitals (v β ≫ v e(orbitals) ). This is true in decays where the β-electron is very fast, quasirelativistic, with speed close to the c the speed of light, and in light atoms from H to Ne, where relativistic effects due to high (light) speed of the inner electrons is still not close to the speed of light. Note that the sudden approximation neglects the Coulomb interaction between the β-electron and the orbital electrons. It also neglects the 'recoil effects' of the nucleus of the final atom/ions, which are very small in the process of β-decay. Recoil effects are important in nuclear reactions when the fragments are moving [37, 38] .
The overlap integral of Eq. (7) is the amplitude A f,i and its square the transition probability P f,i [26] :
the index f (final) is a bounded or continuum state. P 0,0 is the ground to ground transition probability. There are some rules in the calculation of transition probabilities. The probabilities are numbers less than one: 0 < P f,i < 1. The probability of transition from the initial ground state to a given excited states is much smaller than the one to the following excited states: P 0→n ≪ P 0→n+1 . If we consider all transition probabilities of the one state of the initial atom to all states of the final atom, the sum of these probabilities equals the unity. The sucessive ground and excited states are the roots of the eigenfunction equation of the Hamiltonian, and therefore orthogonal. The sum of all probabilities from a given ground or excited initial states i to all n-states of the final atom/ion is the total transition probability P total :
and te difference with the unity is defined as the probability of ionization P i,ion :
The sum of all transition probabilities involving the same initial state is one. The probability of ionization can be measured experimentally [39] . The probability of transition and ionization from the K-shell is defined as:
where P 0,0 is the transition probability from ground to ground state.
C. Necessity of wave functions of very good quality
The difficulty of calculating the transition probabilities during β-decay processes, even neglecting electromagnetical interactions and recoil effects, is the necessity of sufficiently accurate wave functions for the ground and excited states of the initial and final atoms [25] . Therefore the first such calculations employed highly accurate Hylleraas-type wave functions [6, 7, 26] . Kolos found [30] that the values obtained with wave functions within the one-electron approximation lead to smaller transition probabilities than the correlated wave functions (Hylleraas-type [40] ). Nevertheless a real proof of this assumption cannot be found in the literature. In this work we shall try to demonstrate this assumption and to detemine the necessary accuracy of the wave functions for the description of the atomic effects in β-decay processes.
With the development of modern quantum chemistry a variety of methods are available for such purpose. Glushkov [41] In the sudden approximation the angular momentum L, electron spin S and spatial parity π of the atomic wave function Ψ are conserved during the nuclear β − -decay. Therefore, all approximate wave functions must be constructed as the eigenfunctions of the operators of angular momentumL 2 and total electron spinŜ 2 .
In addition to the necessity of including correlation effects into the wave function to improve its accuracy, the use of exponential decaying orbitals like the Slater-type Orbitals (STO) with the appropriate shape at the nucleus and far of the nucleus should play an important role. For a description of the properties of STO orbitals, see Ref. [42] .
III. METHODS
A. The CI and Hy-CI wave functions
In this study we use the variational wave functions constructed with the help of the CI and Hy-CI [43, 44] methods. In general, the wave functions of Hylleraas-type expansion rapidly converge to the exact wave functions. The CI and Hy-CI wave functions can be summarized in the following expression:
In 
For contrary the CI wave function does not fulfill this condition. But the nuclear cusp condition is always fulfill, in the CI, Hy-CI as in the Hartree-Fock (HF) wave functions:
Z is the atomic charge, or the orbital exponent. The cusps (positive for repulsion and negative for attraction) account for two-body correlation, but not for three-body correlation.
These conditions are a result of the singularities of the Hamiltonian at r i = 0 and r ij = 0, which are i.e. for the case of the He atom:
. ( This work is a nonrelativistic treatment of the atomic system involved in the beta-decay.
If the experiments will be very accurate, it would be desirable to include relativisitic effects at least of the electrons of the inner shells of heavy atoms.
B. Slater orbitals & Gaussian orbitals
Slater-type orbitals [46] can be considered as the natural basis functions in quantum molecular calculations. They resemble the true orbitals, since Slater orbitals (monomials) are a simplification of the hydrogen-like orbitals (polynomials), which are eigenfunctions of the atomic one-electron Schrödinger equation. The Slater orbitals contain a factor e −α·r .
They are defined:
where the parameter α is the adjustable variable (for each orbital) and Y m l (θ, ϕ) are the complex spherical harmonics. With this form the Slater orbitals represent well the electron density near the nucleus (cusp) and far from the nucleus (correct asymptotic decay). Conversely, the Gaussian orbitals (exponential form e −α·r 2 ) have erroneous shape near and far from the nucleus (no cusp). Also far of the nucleus the Gaussian orbitals tend to zero much faster than Slater ones. Finally, to reproduce a single Slater orbital many Gaussian orbitals are necessary, but the electron cusp at the nucleus is still missing. For more information, see Ref. [42] β-decay is a nuclear process. We are interested in the redistribution of the electronic density during β-decay. For a correct description of the electronic effects near of the nucleus (electron-cusp) we need orbitals which behave well near of the nucleus, such as Slater orbitals.
C. The β-decay in the He atom
The β-decay of the 6 He atom is a good example to illustrate the role of the accuracy of the wave functions (determined by different methods) in the calculation of the atomics effects. The β-decay of He atom:
In a previous paper [47] we have calculated using the Hy-CI method the transition probabilities from the 1 S ground state of He atom to the first ten low-lying 1 S ground and excited states of the Li + ion, and with them the probability of ionization to the Li 2+ ion. The values of these probabilities have been also determined by the CI method using B-splines orbitals by Wauters and Vaeck [48] and by the full relativistic four-component Dirac-Kohn-Sham (DKS) method by Glushkov [41] . Note that B-splines are basis set constructed with polynomials which represent well the true shape of the orbitals. Also the Slater orbitals used in the Hy-CI calculations are the natural (best) orbitals for quantum mechanical calculations.
The energies of the involved states obtained by the three different methods can be compared together with the corresponding transition probabilities, see decrease rapidly, but they are important for the calculation of the total transition probability Eq. (11) and the probability of ionization Eq. (12) . The comparison of the calculations using several methods are summarized in Table II .
The values of the total probability of transition are 89.21% by the Hy-CI method, 89.09%
by the CI method with B-splines and 87.04% by the DKS method. All three values agree well with the experimental value of Carlson 89.9 ± 0.2%. The probability of ionization using
Hy-CI wave function is 10.79%, 7.47% using CI method with B-splines and 9.85% by the DKS method. The results are very accurate compared with the experimental value of the single ionization 10.40 ± 0.2% determined by Carlson [39] (radioactive recoil spectrometry).
For the probability of ionization of an electron from the K-shell, Eq. (13), we have obtained a 29.14% by the Hy-CI method compared with 28.99% from Skorogobatov using the Hylleraas method, 29.15% by the B-splines (CI) method [48] . Note that the excitation of an electron of the K-shell creates a vacancy.
In the calculation of an additional ionization after β-decay there is less agreement. The calculation of the ionization of a further electron during beta decay is very complex. Some steps in this direction are discussed in Ref. [14] . Further in Table II some values of transition probabilities calculated by several authors are given for completeness. Winther [29] employed wave functions which were not orthogonal. In the second part of Table II 
IV. THE TRANSITION PROBABILITIES IN THE β-DECAY OF THE LI ATOM CALCULATED BY THE CI AND HY-CI METHODS
In a previous paper [50] we have also calculated the transition probabilities during the β-decay of the Li atom:
using accurate Hy-CI wave functions for several bound states of the Li atom and Be + ion.
The initial and final states were ground or excited states of S-, P-, and D-symmetry. In addition using the CI method we have determined the low-lying bound S-, P-, D-, F-, G-, Tables III and IV . The details of these energy calculations employing the CI and Hy-CI methods are given in Ref. [52] . Note, that the additional F-, G-, H-and I-states could have been also calculated by the Hy-CI method, which is general for any atom, but some kinetic energy integrals including higher angular orbitals need to be extended in our actual computer program.
The energy results of Tables III and IV CI method presented in Ref. [50] . The results will be presented in the next section. First, let us discuss some computational aspects of the calculation of transition probabilities.
In the calculation of the overlap integral or also called 'amplitude' we need to evaluate all single overlap integrals between Slater determinants and multiply appropriately the coefficients of the wave functions. This is done by calculating the overlap matrix between two states, and summing up all elements if the overlap matrix multiplied by the corresponding wave function coefficients.
Recently we have improved our earlier method of calculations of the final state probabilities during the nuclear β-decay employed in Ref. [47] . Now, we calculate the overlap between the wave functions of different length [50] . This overlap is the sum of the matrix elements of a rectangular overlap matrix, multiplyied by the corresponding coefficients. This method of calculation has several advantages, (1) We have written a computer program in Fortran 90 for the calculation of the transition probabilities during β-decay. In the case of using CI wave functions, it is sufficient the use of double precision arithmetic (about 15 decimal digits are meaninful) and in the case of the Hy-CI method quadruple precision is necessary (the overlap between Hy-CI wave functions involves some types of three-electron integrals which accurate evaluation requires quadruple precision).
In order to calculate the transition probabilities during β-decay we have to evaluate Eq. For the lowest energy states the agreement is excellent ≈ 0.01% while the largest differences ocurr for the highest 8 2 S, 8 2 P , 8 2 D states where our method of calculation with the exponent restriction is not as accurate as for low states. Several probability distributions are nearly complete (some high excitations with very small probabilty are missing) and in these cases it has been possible to calculate the total probability and the probability of ionization. The CI method has been applied then to calculate the transition probability distributions of the F, H and I states, see Tables VIII-X.
V. CONCLUSIONS
In this paper we review the atomic effects produced by the orbital electrons during wholeatom-nuclear β-decay and discusse the accuracy of the wave functions which are needed.
Traditionally it has been assumed that for the correct calculation of the transition probabilities correlated wave functions are needed but a real proof of this has never been shown.
In this work we demonstrate that with the inclusion of electron correlation we obtain an agreement of 0.01% between correlated methods in the calculated transition probabilities for ground and low-lying states. And an agreemenet of 0.01 with the experimental probability of ionization. In the case of He atom several correlated methods lead to the same results.
These values are larger than the ones obtained by uncorrelated methods. This proofs the necessity of inclusion of electron correlation. Among the correlated methods the Hylleraastype methods leads to the most accurate results. But electron correlation is not the unique effect which has to be taken into account, the use of well-behaving orbitals which represent well the electron density at the nucleus is also decisive, note the fact Slater and B-splines have been used. Finally β-decay is a nuclear process, where the change of the nuclear charge plays the most important role in the account of the atomic effects. In nuclear β-decay is therefore decisive the correct description of the electron density near of the nucleus. In other types of beta decay like bound-state β-decay and electron capture the correct description of the electron correlation and electron density at the nucleus are still more necessary.
In the case of the Li atom we have demonstrated that there are different distributions of transition probabilities between the S, P, D, ... I states and they follow the same pattern.
The largest transition probability during β − -decay is the one from an initial states n to an final state n + 1. This can be explained with the hypotesis that after the sudden change of atomic of nuclear charge the orbitals of the final atom get more stable, then the orbital electrons of the final atom pass to occupy orbitals of lower energy, but not all electrons can be accomodated or fill the new orbitals, there are spin and spatian restrictions, therefore one or more electrons would stay in a orbital of about the same energy than the original orbital.
This orbital would become now an excited one, so that the more probable state of the final atom is always the excited state which is one unity higher than the initial state. Another interesting fact is that in the probability distributuons where it was possible to calculate the probability of ionization, this takes athe value about 14% for all kind of states, as we pointed out before in Ref. [50] .
Finally, in the case of the Li atom, we have repeated the calculation of all transition probabilities using CI wave functions and performed all CI transition for all states, obtaining the resuls that an accuracy of ≈ 1.0 · 10 −3 in the energy of the wave functions ensures an accuracy of 0.01 of the probabilities (an average of 0.15). conclusion CI and MCHF methods can be used to calculate transition probabilities from ground and excited states to ground and excited states of larger atoms. Since the CI using Slater orbitals (and equivalent methods like MCFH) are computationally less expensive, they can be applied to larger systems which maybe interesting in nuclear medicine. P 0,0 is the transition probability from ground to ground state, P total is the sum of all probabilities from the ground state of the He atom to all bound states of the Li + ion, P ion is the probability of ionization of a single electron and P K,ion is the probability of ionisation of one electron of the K-shell. are the probability differences in %.
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